We analysed the environmental impacts of three biogas systems based on dairy manure, sorghum and maize. The geographical scope of the analysis is the Po valley, in Italy. The anaerobic digestion of manure guarantees high GHG (Green House Gases) savings thanks to the avoided emissions from the traditional storage and management of raw manure as organic fertiliser. GHG emissions for maize and sorghum-based systems, on the other hand, are similar to those of the Italian electricity mix. In crop-based systems, the plants with open-tank storage of digestate emit 50% more GHG than those with gas-tight tanks. In all the environmental impact categories analysed (acidification, particulate matter emissions, and eutrophication), energy crops based systems have much higher impacts than the Italian electricity mix. Maize-based systems cause higher impacts than sorghum, due to more intensive cultivation. Manure-based pathways have always lower impacts than the energy crops based pathways, however, all biogas systems cause much higher impacts than the current Italian electricity mix. We conclude that manure digestion
Introduction
According to the International Panel on Climate Change (IPCC), human interference with the climate system is occurring, and climate change poses risks for human and natural systems [1] . In order to contribute to the global efforts to reduce Green House Gases (GHG) emissions and limit global warming, the European Union set an ambitious GHG reduction target, −20% compared to 1990 levels, to be achieved by the year 2020. European member states are committed both to increase their share of renewable energy sources and to reduce their GHG emissions. Currently, no mandatory sustainability criteria have been formulated at a European level for solid biomass and biogas used for power and heat production. However, the European Commission (EC) provided recommendations to Member States to develop criteria similar to the ones designed for transport biofuels [2] . A recent document from the EC presented the state of play of bioenergy in the EU [3] and introduced updated typical and default GHG emissions values for a large selection of bioenergy pathways, including several pathways for the production of power by anaerobic digestion of manure, maize and biowastes [4] . This document suggests the application of a GHG emission savings threshold of at least 70% for all biogas pathways compared to the fossil fuel comparator defined. According to the JRC data which accompanied the EC document [4] , only manure-based plants would achieve such a threshold. However, with the suggested suspension of the mass balance approach for biogas plants and, therefore, the possibility to 'average' the GHG emissions among co-digested substrates, the use of about 30% (wet mass) of maize substrate in co-digestion plants with a gas-tight storage of digestate would still allow to comply with the criteria [4] .
In Italy the incentives for electricity production from Anaerobic Digestion (AD) have fuelled, in the last 5 years, rapid growth of investments in biogas plants and biogas production technologies and a significant diversion of maize crops to bioenergy [5] . Starting in 2013, the Italian law [6] has modified the tariffs and subsidies for renewable electricity fed into the grid; the feed-in tariffs depend now on the biogas plant capacity, on the specific substrate used and on the technologies employed to reduce the environmental impacts.
These incentives, although lower than those provided in the previous years, still make biogas production profitable, and the number of new biogas plants built is steadily increasing [7] . At the end of 2012, there were 994 biogas plants in Italy with a total installed capacity of 756 MWel. Of these, 17.7% use only livestock manure as substrate, 20.1% only energy crops and 62.2% both types of biomass and other agro-industrial waste streams. However, when these shares are calculated on the basis of installed capacity, the picture is very different; 74.2% of the installed capacity is based on co-digestion, 22 .4% on energy crops only, while just 3.2% on manures only.
Biogas can be combusted on-site to produce heat and power or it can be upgraded to biomethane to be either injected into the natural gas grid or compressed and used as transportation fuel. Biogas can be produced from nearly all kind of biological materials deriving from the primary agricultural sectors and from various industrial and domestic organic waste streams.
Biogas production and use are normally perceived as a clean and sustainable option of energy generation that can guarantee significant GHG savings if compared to fossil fuels. However, the environmental impacts associated with AD are strongly dependent on many factors, mainly: the choice of substrate, the technology adopted and the operational practices.
When energy crops are used as substrates for biogas production, fossil fuels and chemicals are used for the cultivation and transport of such substrates and various emissions of pollutants arise from the plant's operation, biogas utilisation and residues management [8] [9] [10] .
On-farm biogas production from manure has shown high potential to mitigate some of the environmental impacts associated with intensive dairy farming, especially as a consequence of the avoided emissions from manure management. Battini et al. [11] concluded that on-farm manure anaerobic digestion is an effective practice to significantly reduce GHG emissions and non-renewable energy consumption; however, local impacts (i.e., photochemical ozone formation) may actually worsen.
Boulamanti et al. [12] analysed the environmental sustainability of several biogas systems running on maize, manure and their co-digestion. They found that GHG emissions of biogas electricity are strongly influenced by the actual plant design, with GHG savings (referred to the emissions of the European electricity mix) ranging from more than 100% for manure-based systems (thanks to the credits for the avoided methane emissions from raw manure storage) to 3% for maize-only-based systems with open storage of the digestate. They found also that trade-offs among the different environmental impacts exist and an analysis of impact categories other than global warming is needed to fully grasp the environmental benefits or impacts of biogas production. The relevance of biogas production on impact categories related to atmospheric pollution (PM (Particulate Matter) emissions, photochemical ozone, acidification and eutrophication) is widely reported in literature [13] [14] [15] [16] [17] [18] .
Maize plays an important role as a dedicated energy crop because of its high biomass productivity and methane potential, an established cultivation technique and the large availability of suitable genetic materials. However, maize cultivation, as well as all agricultural systems, has implications for water use and supply [19] with the potential to increase existing pressures on water resources, in terms of both quality and quantity [20] . Given the expected increase of freshwater related risks (water scarcity, draught, reduced water quality) due to climate change [21] , other crops may be a more suitable option in areas where irrigation water availability will not be sufficient for crops with higher water needs, such as maize. Many studies have indicated that sorghum is an interesting energy crop that could potentially constitute a valuable alternative to maize in low fertilisers and water input conditions [22] [23] [24] [25] [26] . The ability of sorghum to take up soil nitrogen [27] and to grow in arid conditions [26] makes it an ideal choice in areas where nitrogen leaching should be reduced.
In addition to the direct impacts arising from the cultivation and processing of crops, the use of agricultural products for bioenergy production can cause indirect effects (market mediated) in terms of changes of land use (e.g., converting forest land and grassland to cropland) with the associated carbon emissions of such land-use change, hereafter called Indirect Land-Use Change (ILUC) carbon emissions [28] [29] [30] . These indirect effects have the potential to increase the GHG emission associated with certain bioenergy feedstocks.
A thorough analysis using a comprehensive and transparent LCA approach is needed to make an accurate assessment, not only of GHG emissions, but also of other environmental impacts that may arise from biogas production. The overall goal of this study is to analyse and quantify at farm level the environmental impacts (and the trade-off among environmental impact categories) associated with the production of electricity via anaerobic digestion of manure, maize and sorghum silage. A further aim is to identify which practices lead to a reduction of the environmental impacts of electricity production via anaerobic digestion.
Materials and Methods
This work follows a Life Cycle Assessment (LCA) methodology to assess the environmental impacts of electricity production via anaerobic digestion. LCA is a structured and internationally standardised method aimed at quantifying all relevant emissions and resources consumed and the related environmental and health impacts and resource depletion issues that are associated with the entire life cycle of any goods or services ("products") [31] . In this study, the LCA was performed according to ISO 14040 and 14044 standards requirements [32, 33] , using the software GaBi 6.3 from PE International [34] .
Goal and Scope Definition
We developed a comparative attributional LCA aimed at assessing three different agricultural substrates used for biogas production via anaerobic digestion. The systems analysed consist of three different uses of 75 ha of agricultural land in the Po Valley. In the first system the substrate is manure produced by dairy cattle, as reported in a previous work [11] . In the second system the production of biogas is solely from maize silage. The third system consists in the anaerobic digestion of sorghum silage (see Figure 1) .
Currently, many biogas plants tend to collect the anaerobic digestion residue (called hereafter "digestate") in open lagoons or tanks. When the digestate is stored in open containers, ammonia, methane and nitrous oxides are emitted as the digestion process continues. Other biogas plants minimise these residual emissions by fitting the digestate storage tanks with gas-tight membranes or by using flexible storage bags. Therefore, for each of the systems analysed, two different ways of storing the digestate are considered: open storage, and covered (gas-tight) storage tanks with recovery of the off-gas. The systems compared are therefore six: System boundaries considered in the study for biogas production from manure (System 1) and from energy crops (Systems 2 and 3).
In order to facilitate the interpretation of the results of this study, the impacts associated with the production of electricity from the Italian electricity mix are reported for comparison. However, the results presented, obtained with an attributional approach, can (and should) be used only for micro-scale decision support or emissions accounting since this approach is purely descriptive and not change-oriented. For decision support at large scale, a consequential approach should be used and market-mediated impacts should be included in the analysis [31, 35] .
One of the most relevant market-mediated impacts associated with food/feed crops used for bioenergy purposes are the additional GHG emissions due to the displacement of food or feed for energy and the associated ILUC effect. These additional emissions were integrated in the analysis and detailed into the supplementing material of the current analysis in order to provide stakeholders and policy makers what the relative contribution of ILUC would be in the case of maize.
A sensitivity analysis on the energy crops, to assess the effect of employing alternative agricultural practices, is reported in the Appendix; in particular Conventional Tillage (CT) and No-Tillage (NT) management schemes were compared as alternative soil management strategies.
Additional sensitivity analyses were carried out to understand the impact of the most uncertain input values (namely methane leakages, field emissions and storage emissions) and reported in the Appendix.
The impacts assessed were: GHG emissions, acidification, freshwater and marine eutrophication, particulate matter emission and photochemical ozone formation. The assessment is performed at midpoint using the methods recommended by the ILCD Handbook [36] . In addition, the technical quantities 'primary energy from non-renewable resources', land use and water consumption were included in the analysis.
The final goal of the study is to provide stakeholders, policymakers and academics a complete picture of the environmental impacts associated with biogas produced from three possible substrates 
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for biogas production in Italy and develop recommendations on the viable practices that can reduce the environmental burden of electricity production via anaerobic digestion.
Functional Unit and System Boundaries
The functional unit is 1 MJ of electricity produced at the farm gate. Ideally, in order to calculate GHG savings, the bioenergy system should be evaluated against the energy system it displaces. In practice, it is extremely complex and subject to very large uncertainties to identify which energy source would be replaced and by what amount [35, 37] . As a consequence, in this work, the environmental impacts of the bioenergy systems analysed are presented and compared to those of the average Italian electricity mix (from PE International [34] ).
For the systems running on manure, the reference system also includes the alternative use of manure. If manure is not anaerobically digested, the common agricultural practice consists in its storage in an open tank, causing high pollutant emissions, and then its use as organic fertiliser. The management of slurries and manures is one of the main sources of pollutants and GHG emissions from the livestock sector [11, 38] . The emissions associated to the management of raw manure are assigned as a credit to the manure-based biogas pathways and are called hereafter 'manure emission credits'.
No credits for mineral fertiliser replacement are given to the digestate because the fertilizing properties of digestate and raw manure are considered equivalent in the long term [39] [40] [41] . Fertiliser credits are not given to energy crops systems as the digestate produced is recycled in the same fields where the crops are grown, and the reduced need for mineral fertiliser is already accounted for.
Life Cycle Inventory (LCI)
LCI involves a systematic inventory of the input and output energy and material flows during the entire life-cycle. The software used for the analysis is Gabi 6.3 [34] . The data that constitute the inventory used in this work derive mostly from peer reviewed literature or from primary data from field-studies. The data used for the background processes were obtained (if not otherwise specified) from the commercial database Ecoinvent [34, 42] . No major gaps were identified in the background data collection; however, the uncertainty due to geographical, technological and temporal representativeness of the background data may be significant. The inventory is aggregated for the two main phases of the whole biogas to electricity chain: substrate supply and energy production.
Substrate Supply
The systems 1o and 1c are derived from Battini et al. [11] , where the environmental impacts of 1 kg of milk produced with and without a biogas plant for on-farm manure digestion were assessed. These systems involved on-farm production of biogas solely from the manure produced by the farm's 185 dairy cows and their replacements. The annual production of liquid manure consisted of 6950 m 3 .
To obtain the data relative to the functional unit of 1 MJ of electricity produced, the difference between the two systems (dairy farm with and without biogas plant) is calculated for both the open and closed storage systems and divided by the total amount of electricity produced. All the input data and assumptions can be found in [11] and will not be repeated here in detail. Systems 2 and 3 include inputs and emissions for the cultivation of energy crops. Information and input data used to model the cultivation phase can be found in the Appendix, together with the data used for field emissions from fertilizers application and diesel combustion (Tables A1-A4 ). Also the methodology used for the calculation of the ILUC carbon emissions is reported in Appendix.
Energy Production
Details on the biogas plant for systems 1o and 1c are reported in [11] . For systems 2 and 3 the biogas plant consists of two anaerobic digesters (continuous stirred-tank reactors), operating at 38-40 °C and of two storage tanks. The biogas produced is firstly desulfurized and dehumidified and then converted to electrical and thermal energy by means of a Combined Heat and Power (CHP) internal combustion engine. The electricity produced is fed into the national electricity grid. Thermal energy, in the cases analysed here, is used solely to supply the necessary heat to the digesters; the rest of the thermal energy is not used. This is the common practice for farm-based biogas plants.
The biogas plant and CHP data in Table 1 are taken mainly from [43] [44] [45] . The dry matter losses during ensiling were considered to be equal to 10% [46] . The yield of methane obtained from maize silage was assumed to be 0.331 m 3 ·kg −1 VS, as monitored by Fabbri et al. [45] ; while, for sorghum, it was assumed that the yield would be 15% lower [47, 48] . The gross electrical efficiency is assumed to be equal to 32% for the smaller biogas engine running on manure [11] and equal to 38% for the medium sized biogas engine running on energy crops [49, 50] .
The operating time was considered to be 8000 h per year. The energy production inputs were infrastructures and lubricating oil; the datasets for these inputs were taken from Ecoinvent [42] .
The higher production in the systems with closed storage for the digestate is due to the recovery of the additional biogas produced during digestate storage.
The methane slip from the biogas engine is estimated according to Kristensen et al. [51] for gas fired CHP units with power less than 25 MW (Table 2 ). This value is in agreement with the data reported by Liebetrau et al. [52] for biogas engines. To account for the accidental emissions due to membrane cover permeability [53] , leaky gaskets, maintenance operations and flaring or venting of biogas overproduction [52] , a leak of 1% of the methane produced in the biogas plant is assumed to happen in all the systems. Including indirect emissions due to NO x and ammonia deposition, calculated according to [54] .
In manure-fed systems, methane storage emissions (Table 3) were calculated from the data reported by Amon et al. [55] and scaled in proportion to the content of volatile solids in digestate. Applying the same approach, emissions of nitrous oxide and ammonia were calculated as proportional to the actual nitrogen content of the digestate (202 and 141 kg·N·ha −1 for maize and sorghum respectively). Nitrogen oxides emissions were estimated according to [54] . Field and storage emission of systems 1o and 1c were calculated as the difference between emissions of the farm system modelled in [11] with and without a biogas plant. Digestate storage emissions for maize and sorghum systems (open storage) were calculated with the same approach, except for methane emissions which were calculated from the data collected by Weiland et al. [57] for biogas plants running on maize silage.
For the systems employing close tanks, the emissions from storage are assumed to be 2% of the open digestate storage emissions, mainly associated to the handling of the digestate and maintenance of the tanks.
Results
Life Cycle Impact Assessment (LCIA)
The inventories of emissions and resources consumed were assessed in terms of environmental impacts, in order to understand and evaluate their magnitude and significance.
Global Warming Potential
The impact on global warming was assessed using the IPCC model characterisation factors, also known as Global Warming Potential (GWP) factors, at the 100-year horizon as defined in the IPCC AR5 [1] . The unit for the characterisation is kg CO2eq. For this impact category, we considered only the contribution of the three main long-lived GHGs: carbon dioxide, nitrous oxides (GWP(100) = 298) and methane (GWP(100) fossil methane = 36, GWP 100 biogenic methane = 34). The other substances contributing to this impact have been neglected because their aggregate contribution is less than 0.05% of the total GHG emissions.
The results of the analysis performed show that the total GHG emissions from manure digestion amount to -673 gCO2eq·MJel −1 biogas for manure, which, applying the electrical efficiency used in this work, would amount to 74 and 163 gCO2eq·MJ −1 el for maize and −263 and 37.5 gCO2eq·MJ −1 el for manure [4] ). It should be noted that, although the scope and methodology are clearly different, (the most important being the geographical scope, GWPs used and infrastructures not included), the results provide a very similar picture. The processes contributing the most are the biogas engine (it includes the 1% CH4 leakage from the plant), the emissions from the soil, and emissions from diesel usage and storage emissions; this last process is relevant only for the open systems (Figure 2b ). It is noteworthy that emissions from infrastructure construction constitute a share between 7% and 12% for the systems based on energy crops.
Concerning substances contribution, methane is the largest contributor to the impact of energy crops systems, accounting for between 41% and 61% of the total impact. For manure systems, the emission credits prevail (Figure 2a ).
The differences between maize and sorghum are associated mainly with the different level of cultivation inputs. The cultivation of sorghum gives rise to GHG emissions about one third lower than maize because the cultivation of maize requires larger quantities of diesel (for irrigation) and nitrogen fertilisers (the latter also leads to higher N2O field emissions). Results of the open-storage (1o, 2o, 3o), the closed-storage (1c, 2c, 3c) and the reference system (i.e., the Italian electricity mix) are included in the graph. Black thick line symbol refers to the net total emissions for the manure pathways. For the energy crops-based systems the GHG emissions associated to ILUC are included as a separate item; (b) Process contribution analysis of the total GHG emissions. The percentage values are referred to the total GHG emissions (ILUC excluded and without credits for manure pathways); for pathway 1o these amount to 589 gCO2eq·MJ −1 el, for pathway 1c to 256 gCO2eq·MJ
When comparing the conventional (CT) and no-till management (NT), the total GHG emissions decreased by only about 2% with the NT practice. As explained in the Appendix, soil organic carbon accumulation and the additional N2O emissions due to the higher soil microbial activity under NT management are not taken into account.
The results of this study are of the attributional type. They represent a static picture of the system under analysis. However, the results of attributional LCAs are often incorrectly used for macro-scale decisions which affect the installed capacities (e.g., renewable energy policies) [35] . Macro-scale decisions need to be assessed with a consequential modelling approach [31] . For energy crops, several studies have attempted to calculate and integrate the market mediated impacts into the attributional LCA via ILUC modelling [28] . Although integrating ILUC emissions factors into the attributional LCAs is would increase the uncertainty, it does improve the accuracy of the results [58] .
With a methodology explained in the Appendix, we have estimated that, the additional emissions accrued by market mediated impacts (ILUC factors) for the systems analysed in this study amount to 28 and 26 gCO2eq·MJ for the systems 2o and 2c, and 29 and 27 gCO2eq·MJ −1 el for systems 3o and 3c, respectively. While including ILUC in the calculation does not affect the GHG emission of the manure-based systems, the GHG emissions of maize and sorghum systems instead, with closed storage, increase to 156 and 141 gCO2eq·MJ The use of several substrates in a biogas plant is common practice [3, 7, 59] ; therefore, we have analysed the GHG emissions due to the possible combinations of the three substrates considered in this work, and in order to facilitate the interpretation of these results they were compared to the GHG emissions of the Italian electricity mix (150 gCO2eq·MJel −1 [34] ). In Figure 3 , the GHG emissions for any arbitrary mixture of substrates are reported based on the respective shares in wet mass (as input to the digester) for the open and closed systems. Areas with relevant GHG emissions thresholds are highlighted in the graphs: 0 net GHG emissions; 45 gCO2eq·MJ −1 el, which represents 30% of the emissions of the Italian electricity mix, 75 gCO2eq·MJ
el, which represents 50% of the emissions of the Italian electricity mix; 150 gCO2eq·MJ −1 el. which represents the emissions of the Italian electricity mix. Figure 3 clearly shows that only with a relatively high share of manure in the mixture of substrates the GHG emissions become substantially lower than the Italian electricity mix. The graphs in Figure 3 also show that using sorghum instead of maize may allow the use of a higher share of energy crop to reach the same level of GHG emissions: about 5% more in case of closed digestate. (the GHG emissions of the Italian electricity mix). In the black striped area are included the combinations with emissions higher than the Italian electricity mix.
Other Environmental Impacts
The Acidification Potential (AP) is expressed in moles of H + eq·MJel −1
and it was calculated according to the accumulated exceedance method [60, 61] . As shown in Figure 4a , in all the energy crops systems the emissions of ammonia are the largest contributors accounting for a share between 50% and 60% of the total impact. In the systems with manure digestion, ammonia emissions were M a n u r e M a n u r e practically counterbalanced by the emission credits. The remaining contribution is due to NOx and SO2 emissions. Since NOx and SO2 are mostly associated to biogas combustion, their amount per MJ is similar in all scenarios. The main processes contributing to the acidification impact are field emissions for the energy crops followed by biogas engine emissions. Because of the emission credits, in manure-based systems the emissions from the engine were responsible for most of the acidification impact (Figure 4b ). Particulate Matter/Respiratory Inorganics (PM/RI) emissions are expressed in terms of kg PM2.5eq and were calculated according to the intake fraction concept [62, 63] , using the characterisation factors calculated in for average EU conditions [36] . Figure 4c shows that emissions of ammonia and NOx are the main contributors to this impact category because of their role in the formation of secondary particulate matter. Direct emissions of particulate matter account for about 10% and 20% of the total impact for manure-and energy crops-based systems, respectively. The main processes contributing to this impact (Figure 4d ) are field emissions for the energy crops due to emissions from synthetic fertilization, while, for manure-based pathways, the field emissionsare practically counterbalanced by the emission credits; therefore the net impact is about equal to the engine emissions. For energy crops systems, the contribution from infrastructures is not negligible, accounting for about 15% and 19% of the impact for maize and sorghum systems, respectively.
The Photochemical Ozone Formation Potential (POFP) is expressed in terms of kg of Non-Methane Volatile Organic Compound equivalent (NMVOCeq) and was calculated according to the method ReCiPe [64] . Figure 4f shows that this impact is directly related to the combustion processes (mostly in the biogas internal combustion engine); therefore, the emissions are very similar for all the pathways. As shown in Figure 4e , only the manure-based pathways show a lower impact because of the emission credits.
The eutrophication impacts are divided into two categories depending on the ecosystem impacted and the substances responsible. In freshwater ecosystems, phosphorus is the limiting nutrient; therefore, only emissions of P-compounds were considered for the assessment of freshwater eutrophication and impacts are expressed in terms of kg Peq. In sea waters the limiting factor for plant growth is normally N, hence the recommended method includes only N compounds in the characterization of marine eutrophication [36] . The contributing substances are nitrate, ammonia and nitrogen oxides and the impact is expressed in terms of kg Neq [36] . Both categories were calculated according to the method ReCiPe [64] . Figure 4g shows that the impact on freshwater eutrophication from biogas plants depends on the amount of phosphorus released into the environment (both as phosphorus and as phosphate) and this is much larger than the reference electricity mix. This is because the emissions of phosphorous for other energy technologies are normally very low compared to agroenergy systems involving the use of mineral or organic fertilisers and a relatively high need of infrastructures. For manure-based pathways, the impact was much lower than for the energy crops systems, and mainly due to emissions associated with construction of the biogas plant (Figure 4h ). This is because the emissions of phosphorus do not change if the manure is digested or just stored and spread on the fields.
The potential eutrophication impact on marine ecosystems appears to be equally dependant on nitrate and ammonia emissions in all cases (Figure 4i ). Also in this case, the energy crops-based systems, because of the use of mineral and organic fertilisers show a much larger impact compared to the Italian electricity mix. Manure-based biogas production instead presents a reduction of the marine eutrophication due to the lower nitrogen content in the digestate in comparison to the raw manure due to the N losses during digestion and digestate management.
Primary Energy from Non-Renewable Resources
Primary energy from non-renewable sources consumption for the energy crops pathways ranges between 0.44 for sorghum closed digestate to 0.61 for maize open digestate per MJel generated (see Figure 5a ). As expected, the primary energy demand from non-renewable resources of manure-based systems is very low, about 0.06 MJ per MJel generated.
In terms of Energy Return over Energy Investment (ERoEI), manure-based pathways perform significantly better than energy crops pathways. The ERoEI calculated are in line with those found by Blengini et al. [13] who also considered the utilisation of the co-generated heat. The main processes contributing to energy demand are the consumption of diesel, infrastructures construction and the production of urea.
In comparison to sorghum, maize shows a greater energy demand due to higher consumption of diesel (especially for irrigation) and nitrogen fertiliser.
Land Use and Water Consumption
Regarding land use, the manure pathways have a relatively low impact, because the only land needed is the one occupied by the biogas plant. For maize and sorghum systems the amount of land needed per MJel (Figure 5b) is similar, the main difference being the open or closed storage of the digestate. The systems with closed storage allow for higher biogas utilisation due to the recovery of the digestate off-gases, and therefore less land occupation.
Manure pathways require almost no water consumption because the substrate is wet enough for anaerobic digestion. Both the energy crops, instead, need water to dilute the ensilaged substrate prior to feeding into the digester. In addition, maize cultivation requires a relatively large amount of water for irrigation (Figure 5c ). 
Discussion
In this work we have analysed the environmental impacts of electricity production via anaerobic digestion of three biogas production Our analysis shows that the introduction of biogas production from dairy farm manure, and its conversion to electricity, decreases significantly the GHG emissions of the farm in absolute terms, thanks to the avoided GHG emissions that would otherwise derive from the management of the raw manure. When biogas is produced from digestion of maize or sorghum silage, the resulting GHG emissions are of the same order of magnitude of the Italian electricity mix.
The exact quantification of ILUC emissions, and their inclusion in attributional LCAs, is still debated in the scientific and policy community. In our case, the share of ILUC emissions over the total GHG emissions of the energy crops systems is limited, ranging between 12% and 19% of total impact (see Appendix). This is lower than other crops used for bioenergy, especially oilseed [11, 19] . However, they cause the GHG emissions of the bioenergy systems to overtake the psychological threshold represented by the current average electricity mix in Italy. In other cases they may cause the exceeding of specific thresholds for GHG savings.
Considering that biogas from dedicated crops shows poor performance in terms of reducing GHG emissions, the sensitivity of the GWP impact to alternative cultivation techniques was calculated in order to explore eventual strategies to improve GWP performance of these systems. A preliminary analysis of two different methods of cultivation, conventional tillage and no tillage was carried out (and reported in the Appendix) based solely on known and easily quantified effects, such as a reduced diesel consumption in NT operations. This analysis shows that NT cultivation has the potential to improve slightly the system GHG emissions (about −2%). However this analysis is only partial as it does not include Soil Organic Carbon (SOC) changes and N2O emissions. A more complete assessment would require consolidated data and models to become available for NT practices on: rate, level and duration of SOC sequestration, physical partitioning of SOC in soil aggregate fractions, evolution of soil aggregate stability, role of microorganisms on SOC humification and stabilization, N2O emission dynamics, appropriate nitrogen fertilization [65] [66] [67] . Early experimental results indicate that correct implementation of the NT agricultural system (above all, improved use of N fertilisers) can consolidate the benefits of soil C sequestration and minimize N2O emissions [68] [69] [70] , potentially making the balance more favourable for the NT practices than what was found in this work.
For the GHG emissions a sensitivity analysis was performed also on the timeframe of the study. Shortening the assessment of the climate impacts to 20 years, instead of 100, reinforces further our conclusions. Manure has even greater negative emissions, while the energy crops have higher emissions (see Figure A1) .
Further analyses were performed to check the sensitivity of our results to the most uncertain data inputs: field emissions, leakages from the plant and storage emissions. The sensitivity was performed only on the GHG emissions, as for the other impacts the biogas systems are a few order of magnitude higher than the Italian electricity mix. The results indicate that, increasing or decreasing by 30% the emission factors used, the total emissions would not change in a way as to impact the conclusions drawn (see Figure A2 -A4). More information is available in the Appendix.
Due to its high yield and digestibility, and its well established cultivation practice, maize is the most common crop substrate for biogas production. However, in order to reach high biomass yields, the cultivation of maize requires fertile land and high input of resources, such as fertilisers and water. In areas with low water availability and stringent limits for nitrogen application such as those identified in the Nitrates Directive [71] , sorghum represents a valuable alternative crop for bioenergy production. Even if the methane productivity per tonne of fresh matter is lower for sorghum than maize, sorghum may still be competitive with maize thanks to the lower demand for agrochemical inputs. Our study shows, indeed, that for all the environmental impacts studied, sorghum performed better than maize.
Manure-based pathways always show lower impacts than the energy crops-based pathways. However, the environmental impacts associated to the electricity production via manure digestion still result higher than those of the Italian electricity mix. Since a large part of the contribution to many impacts (especially AP, PM/RI and POFP) actually is due to emissions derived from biogas production and combustion, these should be tackled with technological improvements such as higher conversion efficiencies and better combustion technologies to reduce NOx and methane slip. This is particularly relevant in the area under analysis given the specific issues of PM concentration and ozone formation in the Po Valley [72] .
Emissions of methane from open storage tanks for digestate account for about 3% of the total methane produced by the energy crops; this value is also in line with the values reported recently by [4] . Total methane emissions from the plants amount to about 5% of the methane produced for energy crops systems with open storage tanks. In case of closed storage tanks, the methane emissions amount to about 3% of the total amount of biogas produced. The reduction of these emissions is of paramount importance not only to reduce GHG emissions, but also to improve the economics of the biogas plant. However, this is not always the configuration of many installations in EU.
Manure-based systems perform very well in terms of ERoEI, while, maize and sorghum systems have rather low ERoEI, producing only about twice the amount of energy from non-renewables used. Sorghum, thanks to the lower use of nitrogen fertilisers and diesel for irrigation, performs better than maize. Biogas plants running on manure do not require land for cultivation and water neither for irrigation (as is the case for maize) nor for dilution of the ensiled crops (both maize and sorghum) and, therefore, perform much better than the energy crops also in these areas of concern.
Conclusions
We conclude that anaerobic digestion and electricity production from manure is an efficient strategy to reduce GHG emissions per se, even though this may be achieved at the expense of other environmental impacts. On the other hand, GHG emissions arising from the generation of electricity using biogas from energy crops are similar to those of the current Italian electricity mix. Moreover, for all the other environmental impact categories (including land use, water and primary energy consumption) the impacts of dedicated bioenergy crops result to be much higher.
If digested alone, energy crops would appear to be environmentally detrimental. However, thanks to their high methane potential, which leads to better economic performances [50] , they can be used to increase the attractiveness of anaerobic digestion of manure. However, only a limited fraction of energy crops should be allowed in order to avoid losing the benefits of manure digestion.
In this study, considering systems with open digestate storage, at least about half of the substrate fed to the plant (by weight in wet mass) should be manure in order to reach a GHG emissions level which is lower than the Italian electricity mix, while, with closed digestate storage, the GHG emissions are similar to those of the electricity mix also without feeding manure to the plant. To reach a GHG saving of 70% (over the average electricity mix), about 70% of the substrate should be manure in case of open digestate storage. The share of manure is reduced to about 50% in case of closed digestate storage. In both cases the share of energy crops may be slightly higher in case sorghum is used instead of maize.
In the case of energy crops co-digestion, the impact of single agronomic practices (i.e., choice of crop type, fertilization, irrigation, no-tillage) seems to have only minor effects on the overall environmental impact of biogas production, especially if compared to the major positive effect achieved by increasing the share of manure or by covering the digestate storage with gas tight membranes.
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Appendix
Input Values Used for the Cultivation Process
Maize and sorghum share the same cultivation technique apart from the level of irrigation and fertilization: maize was irrigated three times, while sorghum was grown under rain-fed conditions; maize was fertilized with 120 kg·ha for maize and sorghum respectively. The inputs shown in Table A1 include not only the cultivation inputs but also those relative to ensiling and desiling operations, digester feeding, on farm digestate transport and spreading. The diesel consumption figures (Table A2) are calculated from the data reported by Bacenetti et al. [8] under similar conditions, but considering lower consumption for some operations (harvest and transport, ensiling and desiling) proportional to the lower yield of silage per hectare considered in this study.
Maize and sorghum average biomass yields (55.2 and 58.0 t·ha The experiment layout was a split-plot design with four replicates (manuscript in preparation). Tabaglio and Gavazzi [73, 74] found, in field trials in the same area, that the yields of maize silage cultivated under CT or NT conditions do not differ significantly. The same assumption is made for sorghum, given its more robust root system. ) by tractor and agricultural machinery per each operation during the cultivation and production of silage from maize and sorghum under conventional tillage (CT) and no tillage (NT) (elaborated from Bacenetti et al. [8] In Table A3 the net field emissions are shown. The field emission of system 1 are calculated as the difference between the emissions of the farm system with and without biogas plant; elementary data are reported in a previous study [11] . Emissions from diesel (Table A4 ) used on the farm are based on data reported by Winther and Nielsen [82] . Table A4 . Diesel emissions per ton of diesel combusted (elaborated from [82] 
Assessment of the GHG Emissions from Conventional Tillage (CT) and No-tillage (NT) Practices
The CT management is based on ploughing at a depth of 40 cm, followed by harrowing and sowing. The NT management alternative consisted of direct sowing after herbicide treatment (Glyphosate). The analysis should also consider the impact of Soil Organic Carbon (SOC) accumulation; however, data availability for long term empirical research is scarce and results are highly variable and site specific [66, [83] [84] [85] [86] [87] .
In a recent review, Abdalla et al. [65] have found that no-tillage practices can, under appropriate conditions, enhance SOC accumulation. On the other hand, they found also that adopting conservative tillage practices may enhance N2O emissions.
In both cases, the studies reported very scattered and conflicting results, mostly because of the great impact on GHG emissions of climate and soil type and management practices. Furthermore, beside the heterogeneity of the experimental conditions, Derpsch et al. [68] have identified a need for standardization of experimental conditions for an appropriate comparison between conventional and conservative tillage systems especially with respect to N fertiliser use, tillage systems and duration of the trials. Given the difficulty in quantifying the impacts on SOC accumulation and N2O emissions of no-tillage practices, we have limited our analysis to the differences between the two management practices which are easily quantifiable: the amount of diesel and infrastructures (farm machinery and related shed) saved by the no-tillage system. These differences in infrastructures and diesel fuel consumption are reported in Tables A1 and A2 .
When comparing the conventional and no-till management, the GHG emissions for cultivation per hectare decreased by 9% for maize (from 1926 to 1757 kg CO2eq) and by 13 % for sorghum (from 1270 to 1101 kg CO2eq).
As cultivation accounted for less than one fourth of the total GHG emissions (17% and 24% of the total GHG emissions from maize with open and closed digestate storage, respectively, 13% and 19% respectively for sorghum; the higher share in closed systems is due to the lower total emissions), limited GHG savings could be achieved by adopting the NT instead of the CT management; the total GHG emissions decreased by only about 2% (1.5% and 2.1% for maize with open and closed digestate storage, while the same reduction was 1.7% and 2.5% for sorghum). These results however have limitations because of missed accounting of soil organic carbon accumulation and the additional N2O emissions due to the higher soil microbial activity under NT management.
As regards the primary energy consumption from non-renewables (based on net calorific value) for the cultivation of one hectare results to be equal to 28,380 MJ and 26,079 MJ for maize CT and NT, respectively, and to 18,635 MJ and 16,334 MJ for sorghum CT and NT, respectively. The adoption of a NT practice leads to a reduction in primary energy demand from non-renewables in the cultivation process because of the lower diesel consumption (8% less diesel for maize and 12% for sorghum). The total primary energy consumption from non-renewables decreased by 7% for maize and 9% for sorghum when a NT management system was adopted.
Carbon Emissions from ILUC
ILUC occurs when land used for a food/feed/fibres crop is diverted to the production of biofuels/bioenergy. To maintain the level of food/feed/fibres production, cultivation of the displaced crop may be carried out in other locations (e.g., converting grasslands or forested lands into agricultural land) and/or with an intensification of agricultural production techniques and decreased consumption.
Converting land cover types with high biomass and soil carbon stocks (such as grasslands and forested land) into cropland may result in the release of carbon stored in above and below-ground biomass (vegetation), and in the soil, thus GHG are emitted. In assessing the impact of biogas production from maize and sorghum on the release of GHG, indirect Land use Change (ILUC) emissions should be taken into account [28, 30, 88] . Although estimations of ILUC emissions are subject to the intrinsic uncertainty of land use and market models, the EC has acknowledged that ILUC can reduce the GHG savings associated with bioenergy, and therefore recommended that this issue is to be addressed under a precautionary approach [89] .
The biogas production systems in this study involve a farm of 75 ha. If this area is used for the cultivation of energy crops, ILUC emissions due to the displacement of the dairy cows feed production, caused by the appropriation of land for energy purposes, have to be accounted for. In this work it is assumed that the diversion of 1 ha of land suitable for maize cultivation from food or feed production to energy production, generates the same ILUC emissions irrespective of whether the final conversion is to biogas or ethanol.
For this purpose, the ILUC emission coefficients calculated with the economic model MIRAGE [90] run by the International Food and Policy Research Institute (IFPRI), were used. IFPRI-MIRAGE is the EC reference model used to estimate the indirect land use change emissions included in the policy proposal COM(2012)595 [89] . In the case of ethanol from maize, the IFPRI-MIRAGE model estimated ILUC emissions equal to 10 gCO2eq·MJ −1 EtOH [90] . All economic models used for ILUC assessment (including IFPRI-MIRAGE) assume that the increase in land occupation driven by biofuels demand may be partly compensated by yield increase and reduced food consumption due to the crops price increase and by the return of by-products to the animal feed sector [88] . The use of by-products from biofuels production as animal feed avoids additional feed production; hence the need of cropland area expansion and the total ILUC GHG emissions are reduced. This reduction cannot be applied when maize is used for biogas, since no by-products are generated. Consequently, for the purpose of this study, we extrapolated the contribution of by-products in reducing the ILUC emissions of maize by applying a 'decomposition' methodology developed by the Joint Research Centre of the European Commission [88] to the results of MIRAGE model [28] , estimating the amount of land attributed to by-products use.
Starting from the increased area of maize devoted to ethanol production, the "decomposition" approach identifies the sources from which models generally derive land, besides cropland expansion. These are: substitution of animal-feed crops with by-products of biofuel production; reduction in crop consumption in competing uses (mostly food) and land freed up by additional yield gains, both induced by higher crop prices (as a result of increased crop demand for biofuels).
The "decomposition approach" applied to IFPRI-MIRAGE model showed that the replacement of animal feed crops by biofuels by-products corresponds to about 36% of the total area increase due to the additional biofuel demand. Therefore, the ILUC emission coefficient for maize in [90] has been increased accordingly, resulting in a final value of 15.7 gCO2eq·MJ
In another study recently carried out by the JRC in collaboration with IFPRI [91] , the MIRAGE model was run with a scenario in which co-products from marginal biofuel are not injected in the livestock sector. If by-products are not produced, the livestock sector has to rely more on other crops, thus increasing ILUC. This scenario resulted in an ILUC coefficient of 15 gCO2eq·MJ −1 EtOH for maize, (the value used for this study) in perfect agreement with the result of the decomposition approach.
ILUC emissions per MJ of maize ethanol estimated with the above methodologies have been further converted into emissions per ha of maize, using the average dry maize grain yield for the area where the farm is located (10,300 kgmaize grain·ha
) and the following input data from [92] : maize grain moisture = 14%; maize grain energy content (Lower Heating Value) = 17.3 MJ·kg for the systems 2o and 2c, and 29 and 27 gCO2eq·MJ −1 el for systems 3o and 3c, respectively. Including ILUC in the calculation does not affect the GHG emission of the manure based systems. For maize and sorghum systems instead, GHG emissions, with closed storage, increase to 156 and 141 gCO2eq·MJ Using other economic models may result in different estimates and surely the ILUC emission values used in this work are subject to uncertainty; nevertheless they may offer a good estimate of the order of magnitude of the phenomenon.
Impact of Timeframe Choice on GHG Emission Assessment
As reported by the IPCC [8] , several metrics are available for the assessment of the impacts of GHG emission on climate change. There is no better metric, different metrics answer different questions. The most common is the Global Warming Potential (GWP), the metric used also by United Nations Framework Convention on Climate Change (UNFCC) for the Kyoto protocol targets. The GWP is a relative cumulative metric, it measures the total impact of a GHG species in the atmosphere, in a given timeframe, relative to a reference GHG, (CO2).
Given the short lifetime of methane in the atmosphere, we have analysed the effect of choosing a shorter timeframe for this assessment. According to the IPCC [8] , the GWP of biogenic methane, in a 20 year timeframe, is 86 instead of 34 (87 and 36 for the fossil methane). For laughing gas N2O, the value decreases from 298 to 268. The results are reported in Figure A1 .
The results show that in a shorter timeframe, the benefits of manure digestion are more than twice of those of a 100 year timeframe. This is mostly due to high amount of methane emissions avoided and the short half-life of methane in the atmosphere, (12.4 years [8] ). The GWP of N2O instead, with its long half-life (121 years), does not change dramatically. This sensitivity analysis shows that in a shorter timeframe, manure digestion is even more effective in fighting climate change. Instead, for the energy crops, the GHG emission results always higher than the Italian electricity mix, almost twice for the systems with open storage of the digestate, mostly because of the high methane emissions. Results of the open-storage (1o, 2o, 3o), the closed-storage (1c, 2c, 3c) and the reference system (i.e., the Italian electricity mix) for a 20 years (GWP20) and 100 years (GWP100) timeframe.
Sensitivity to Manure and Digestate Storage Emissions
Emissions from the storage of manure depend on several factors: manure type, storage temperature, storage duration, aeration, and formation of a natural crust at the surface of slurry, to name the most important ones. In this work the field emissions for manure digestion are taken from Battini et al. [78] .
However, given their uncertainty and the dominant effect on the GHG emissions, especially in case of codigestion, we have carried out a sensitivity analysis varying them by + or -30%. For consistency, the digestate storage emissions were increase or reduced of the same percentage.
The results are reported in Figure A2 . It is worth nothing that the GHG emissions of energy crops based systems still are similar to the Italian electricity mix (those with closed digestate storage are practically not affected at all). The plants running on manure are strongly affected, however they provide absolute high GHG savings in any case. Figure A2 . Results of the assessment of the sensitivity of the total GHG emissions to the variability of digestate and manure storage emissions. The grey bars represent the total GHG emissions of the analysed systems, the black error bars represent how the total GHG emissions range by varying the storage emissions by + or − 30%.
Sensitivity to Biogas Plant Leakages and Methane Slip from the CHP
Emissions from the biogas plants are highly variable as they depend both on the technology adopted, but also to the level maintenance and leaks detection [52] . Some leakages, e.g., the methane slip from the CHP plant, are unavoidable in lean burn combustion, unless technologies for the post treatment of the off-gases are adopted. Other leakages are accidental, often due to leaky gaskets, membranes and other infrastructural component permeability or leaks. They are therefore highly uncertain. We have carried out a sensitivity analysis varying them by + or -30%. The results are reported in Figure A3 . It is worth nothing that also in this case the results are only slightly affected by the assumptions made on the leakages from the biogas plant and the methane slip through the engine. Figure A3 . Results of the assessment of the sensitivity of the total GHG emissions to the variability of biogas plants leakages and methane slip through the gas engine. The grey bars represent the total GHG emissions of the analysed systems, the black error bars represent how the total GHG emissions range by varying the leakages and the methane slip by + or −30%.
Sensitivity to Field Emissions
Emissions from the application of fertilizers (both mineral and organic) are highly variable and depend on several factors: fertilizers type, timing of the application, climatic conditions during the application and the following days, soil properties, to name the most important ones. The references used in this work are detailed in Table A3 .
To assess the robustness of the results of this study, we have varied the field emissions of + and -30 % of their value. The results are reported in Figure A4 . Clearly the conclusions do not change. Energy crops-based systems have about the same emissions as the Italian electricity mix, while manure-based systems provide absolute GHG savings. Figure A4 . Results of the assessment of the sensitivity of the total GHG emissions to the variability of field emissions. The grey bars represent the total GHG emissions of the analysed systems, the black error bars represent how the total GHG emissions range by varying the field emissions by + or −30%.
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